Abstract-Magnetic field quality in superconducting magnets mostly depends on conductor position in operational conditions (under pressure, at 1.9 K). For the case of the LHC main magnets, the conductor layout must agree with the nominal design within less than 0.05 mm to met the field quality specifications. Finite element models are a numerical tool to forecast loads and deformations of mechanical structures, and can be used to evaluate conductor displacements. To verify the FEM response at room temperature, we made displacement measurements using speckle interferometer on a short sample of the dipole coils. Experimental results are compared with the numerical calculations, allowing a stringent test of the most critical features of the FEM (interfaces between different materials and coil properties).
I. INTRODUCTION

I N THE Large Hadron Collider (LHC), a new accelerator under construction at Europen Organization for Nuclear
Research (CERN), an 8.3 tesla magnetic field will be required to bend particles that are accelerated up to 7 TeV. For this purpose, superconducting magnets operating at 1.9 K have been designed [1] . Magnet imperfections may produce instabilities in proton trajectories, thus limiting the accelerator performance. Beam dynamics requirements impose tolerances on the relative magnetic field imperfections of the order of 10 . Since in superconducting magnets field homogeneity mainly depends on the position of the conductors, this implies that tolerances on the geometry of components are less than 0.05 mm [2] , [3] . Finite element models of the LHC dipole cross-section allow computing the stresses arising inside the dipole during assembly and cool-down [4] , taking into account the material properties of the magnet components and the applied loads. The results of the numerical computations can also be used to investigate the impact of the coil deformations and of the fabrication tolerances on the field quality [5] - [7] . The aim of this work is to present an experimental method to verify the reliability and the validity limits of the calculations of the LHC dipole model. The displacements of a short sample of the dipole coil are measured by speckle interferometry with a precision better than 0.01 mm, using an optical device implemented at the EPFL (Ecole Polytechnique Fédérale de Lausanne). Then, measurements are compared with FEM results.
II. THE SUPERCONDUCTING LHC DIPOLE COIL
Superconducting (Cu/NbTi) cables assembled in blocks and wedge-shaped copper spacers constitute the LHC dipole coils. Blocks are composed of cables that contain cylindrical strands (where NbTi filaments are inserted in a copper matrix) and are insulated using a polyimide tape. This complex composite structure features a nonlinear mechanical behavior under compression [8] - [10] .
Moreover, one has an important hysteresis between loading and unloading. This is not negligible since during the assembly and the cool-down the coil undergoes load and unload phases. The pressure-strain curve experimentally measured for a stack of cables is shown in Fig. 1 . Stainless steel laminations (collars) clamp the coils; they are assembled with a press to impose a pre-stress of 70 MPa between coil poles and collars at ambient temperature. Between coils and collars and between inner and outer coils, thin layers of different materials (coil protection sheets, shim retainers, shims, ground insulation and quench heaters) are inserted. They are used to give mechanical and electrical protection to the coil. Our reference system is identified by the horizontal and vertical directions of the dipole crosssection , and by the longitudinal axis of the dipole . 
III. EXPERIMENTAL APPARATUS
A. The LHC Coil Section and the Hydraulic Press
A short section (94 mm) of the dipole coils has been assembled in a small press composed by two stainless steel blocks, molded as the LHC dipole collars on the side in contact with the coils and kept together by two pistons (see Fig. 2 ). The press is loaded using two hydraulic pistons, whose maximum force is 124.6 kN each. The force is controlled by a manometer with a sensitivity of 3 bars, which corresponds to a stress of 0.2 MPa on the coil mid-plane.
This permits to reach coil stresses up to a maximum of 40 MPa on the coil poles, that is enough to test the most critical features of the mechanical behavior of the coil (nonlinear stress-strain relation of the coil, interfaces between materials). Loads are measured in correspondence of the top and of the bottom arcs of the coils by eight capacitive force transducers [9] , whose sensitivity allows sensitivity in pressure of 1 MPa at room temperature.
B. The Optical System
Speckle interferometry is based on the coherent addition of the light scattered by the object surface with a reference wave. The basic principle of the method resides in the correlation of the speckle patterns at the image plane of the CCD camera employed to detect the speckle irradiance. The displacement undergone by the object is worked out by comparing speckle patterns of two different situations of load and deformation [10] , [11] . The subtraction between the two images is performed electronically by a digital frame processor. The resulting intensity distribution is representative of an interferogram in which the in-plane displacement between two successive fringes is given by: (1) where is the wavelength of the illuminating beams and the angle of the beams with the normal to the image plane. In our setting, we have Å and , so that two fringes represent a relative displacement of 1.5 m.
Since the speckle technique allows to determine displacements along one axis at a time, we have focused our investigations on displacements along the axis. Indeed, this is the direction of the main mode of deformation of the coil (i.e., an azimuthal compression).
IV. THE FINITE ELEMENT MODEL
The finite element code ANSYS ® [12] has been used to build a two-dimensional model of our experimental apparatus. Half of the tool is considered, since boundary conditions provide the left-right symmetry but not the up-down symmetry (the press is screwed on the lower part). The press is composed of two blocks of steel. Surface loads are applied in order to model the piston. The steel support is provided by boundary conditions on the lower part of the press. The most critical part of the model is the superconducting coil. They are modeled in terms of their two main components, i.e., blocks of superconducting cables and copper wedges.
To take into account the nonlinear behavior of the coils under compression, the elastic modulus of the blocks is not considered constant. Indeed, the loading part of the experimental curve described in Section II is inserted into the model; this can be implemented using a dedicated option of the code [13] .
The second critical feature of the model is the interface between the press and the coil, which is filled with thin materials such as in the real magnet. These materials are not explicitly considered, but are modeled in the FEM through contact elements (CONTAC52). Contact elements behave like springs in the normal direction, reacting to a force proportionally to their stiffness. Since in our case the contact elements model layers of different materials, their stiffness takes into account the elastic modulus of these materials. Contact elements also allow modeling friction, as shown in [14] .
V. EXPERIMENTAL RESULTS
A. Test Procedure and Results
Differences in displacements are measured by speckle interferometry in correspondence of two successive load cases, with a stress increment of about 0.8 MPa, measured on the manometer. Speckle patterns are acquired in correspondence of the two loads and an image showing level curves of equal displacements is issued. Two consecutive level curves correspond to a difference in displacements along the axis of 1.5 m. We tested the coil behavior for four different values of the initial azimuthal stress in the range of 10 to 40 MPa, each time performing a stress increase of 0.8 MPa.
In Figs. 3 and 4 the 10 MPa and the 40 MPa load cases are shown. ANSYS ® simulations, on the right part of the figures, show equal displacement lines, whose distribution has to be compared with the measured fringes of the speckle interferometry, on the left. As shown in Table I , resuming data relative to all the load cases, there is a good agreement between experimental and numerical simulation results. Moreover, the pattern of the fringes is also well reproduced. In particular, we notice that speckle fringes are not continuous between inner and outer coils. This depends on the sliding of the coils. Contact elements, used in the model to represent these layers of materials, well reproduce this behavior. It can be also pointed out that the total number of fringes decreases as the applied load increases from 10 MPa (Fig. 3 ) to 40 MPa (Fig. 4) . Since the load step applied during optical measurements is the same, the different number of fringes confirms that the coil has a nonlinear behavior, as found in mechanical tests (see Fig. 1 ). Finally, we remark that the agreement between interferometry and FEM is worst for higher pressure load cases, where ANSYS ® gives one or two fringes more than the speckle interferometry measurements. Indeed, it is possible to improve the agreement by introducing some friction in the contact elements of the FEM. A parametrical analysis has been done and a friction coefficient equal to 0.3 has been chosen. This value is not based on experimental data: in fact the determination of the friction coefficient is not trivial, since one has several layers of different materials to model. All the cases have been re-evaluated and an improved agreement has been found (see Table II ): the shape and distribution of the equal displacement lines computed for the high-pressure cases result more similar to the measured ones.
VI. CONCLUSIONS
We have analyzed displacements of the coil cross section of the LHC dipole under different loads using speckle interferometry and a finite element method. Due to the composite structure of the coil, its mechanical behavior is not trivial. We analyzed displacements along the y axis, with pressures ranging from 10 to 40 MPa, and with differential displacements corresponding to 5 to 15 m. We found a good quantitative agreement between the displacements measured with our experimental apparatus and the finite element results. In particular, the contact elements used to model the interfaces between the coils and the press provide correct estimates of the sliding between the two materials. The patterns of fringes of equal displacements of the finite element model and of the experimental measurements well agree in the analyzed cases. Moreover, we observed an increased rigidity of the coil for higher loads, that agrees with the experimental stress-strain curve derived from cable stack measurements used to model the coil in the finite element code. Introducing a friction between the surfaces in contact, we improved the model and we obtained a very good quantitative agreement between experimental and numerical results.
